A central question in developmental biology is whether and how mechanical forces serve as cues for cellular behavior and thereby regulate morphogenesis. We found that morphogenesis at the Arabidopsis shoot apex depends on the microtubule cytoskeleton, which in turn is regulated by mechanical stress. A combination of experiments and modeling shows that a feedback loop encompassing tissue morphology, stress patterns, and microtubule-mediated cellular properties is sufficient to account for the coordinated patterns of microtubule arrays observed in epidermal cells, as well as for patterns of apical morphogenesis.
T he surface layers of plant tissues are under considerable tension (1) . This results from the fact that individual cells, including those in deeper layers, are tightly bound to each other through their cellulosic walls, on which they exert turgor pressure (2) . In addition, plant cell walls resist stress (force per unit area) differentially, depending on the direction of stress (3) . This anisotropy is a consequence of the direction in which the rigid cellulose microfibrils are laid down during wall synthesis (4) . Because this direction is often parallel to the cortical microtubules of the plant cell, it is thought that the microtubules might serve as tracks along which the cellulose synthase complexes travel (5, 6) . Green and others have proposed that cortical microtubule orientations correlate with anisotropic stresses, but the existence of such a causal link with morphogenesis has never been further investigated (7) (8) (9) (10) (11) . We have chosen to dissect this link in shoot apical meristems, a population of stem cells that continuously generate aerial organs while undergoing complex shape transformations (12, 13) (fig. S1 ).
Morphogenetic role of the microtubules at the shoot apex. To assess the functional importance of microtubules within the Arabidopsis meristem, we depolymerized the microtubules with the use of oryzalin and monitored the resulting cell morphology (14) . In the absence of microtubules, the meristems kept growing but no cytokinesis occurred, and giant polyploid cells formed ( Fig.  1A ) (14) . Despite these changes, differentiation and patterning were not drastically affected. We observed slow-growing cells in the meristem and fast-growing cells in the primordia, and phyllotaxis was not altered 46 hours after complete depolymerization of microtubules ( Fig. 1B and fig.  S2 ). Cell identity in the boundary domain between the meristem and new floral primordia did not seem to be altered, as a boundary domain reporter, pBOUND-GFP, was induced in this domain several days after the treatment (Fig. 1C and  fig. S2 ).
However, depolymerization of the microtubules resulted in a distinct change in the geometry of the cells. The final structure resembled two-dimensional (2D) foams, which are purely isotropic in nature. Notably, all the walls met at angles of 120°and the curvature of the walls approached that of a soap-bubble network (Fig. 1A ) (15, 16) . In addition, certain morphogenetic events did not occur. In particular, the crease between the meristem and primordia no longer formed (Fig. 1, B to D, and fig. S2 ). Hence, although microtubules may not be critical for developmental patterns such as phyllotaxis, they are required for certain morphogenetic events such as tissue folding.
In the presence of oryzalin, organ outgrowth was still observed, which suggests that plant shape is at least partially independent of microtubulebased anisotropy. Because growth patterns are thought to depend largely on the plant hormone auxin (17-21), we next used a double drug treatment where both microtubules and auxin transport were inhibited. This led to the formation of a spherical shoot tip ( fig. S3A ) (14) , as might be expected if microtubule-controlled anisotropy operates in parallel with auxin-driven growth rate patterns.
Cortical microtubule orientations and dynamics are correlated with morphogenesis. To further analyze the role of microtubules in morphogenesis, we investigated microtubule dynamics in the meristem via live imaging of plants expressing green fluorescent protein (GFP) fused to the microtubulebinding domain (MBD) of microtubule-associated protein 4 MAP4 (22, 23) . A quantitative analysis of the cortical microtubules at the surface of more than 30 meristems revealed three aspects of microtubular arrays:
1) The microtubules at the meristem summit were highly dynamic, constantly changing their orientation at 1-to 2-hour intervals (Fig. 2 , A to C, and movie S1) (24, 25) .
2) At the periphery and base of the meristem, orthoradial (circumferential) cortical microtubule arrays were dominant. This orientation was more apparent when organ initiation was inhibited in the presence of the auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) and seemed to be the default orientation at the periphery in the absence of floral primordia ( fig. S4 ).
3) As flower primordia started to grow out, a supracellular alignment of microtubules along the boundary between the meristem and the primordium appeared (Fig. 2, A and B, and fig. S4 ). This configuration was stably maintained over prolonged periods (up to 20 hours). Consistent with these highly ordered and stable interphase arrays, about 90% of the cells (n = 158, eight meristems) in this zone displayed preprophase bands and division planes in the same tangential orientation. Microtubules were aligned during the activation of pFIL::dsRED-N7 (18), a late marker of floral primordium initiation, showing that the alignment accompanies flower outgrowth (Fig. 2D) .
Microtubule orientations align along predicted principal stresses. In a multicellular setting, the field of physical forces represents a potential source of information for the cells to know their relative position (7, (26) (27) (28) (29) (30) . Several studies have supported the proposal that maximal stress directions orient cortical microtubules, most probably via a response to strain in the cell wall (8, 10, (31) (32) (33) . However, these studies do not address the link with morphogenesis. In addition, it remains difficult to test the plausibility of such a hypothesis in a tissue context. We therefore used a combination of physical and mathematical approaches to address these issues.
To assess whether stresses might orient microtubules, we first calculated the expected pattern of stresses at the shoot apical meristem surface by considering the apex at the tissue scale. Our mechanical model of the meristem as a pressure vessel-a shell inflated by an inner pressuredepends on the following assumptions: (i) The tissue is elastic [(34, 35) and our results], (ii) the outer wall of the epidermal layer supports the turgor pressure and acts as a limiting factor for growth (36, 37) , and (iii) the outer wall of the epidermal layer is under a uniform pressure from the inside (34) . Using these properties, we calculated the directions of principal stresses in different domains of the shoot apex and found that they are parallel to the observed cortical microtubule orientations (Fig. 3, A To further investigate the correlation between predicted stresses and microtubule orientations, we designed a 3D cell-and wall-based tissue model representing the surface of the L1 layer of the shoot and incorporating the three assumptions listed above. The model includes mechanisms such as elastic wall mechanics, wall growth, cellular mechanical anisotropy (microfibrils), stress feedback, and growth and proliferation (fig. S5, A and B) (38) . Mechanical anisotropy is introduced by defining a microtubule direction within each 2D cell where the stiffness of the wall material increases as the wall becomes more parallel to the direction of the cortical microtubules. Stress feedback is introduced by updating the microtubule directions to align along maximal stress directions, which for one cell is measured by the directional weighted average of its wall stresses. Note that strengthening of the walls (by aligning microfibrils) counteracts the main stress intensity but maintains the main stress direction.
The model faithfully reproduced the orthoradial and random microtubule alignments on synthetic templates of the stem and tip of a dome, respectively, and predicted alignment along the crease for a saddle-shaped template ( fig. S6 ). Simulated microtubule directions in a template extracted from a confocal data set also predicted the experimentally seen boundary alignment zone as well as the more random microtubule orientations at the apex (Fig. 3C ). A growth model was then introduced to examine microtubule orientations during morphogenetic events, including primordium growth and tip growth (38) . Primordium growth was initiated by locally decreasing wall stiffness, leading to the outgrowth of a welldefined bump. As the simulated primordium formed, the model also predicted an orthoradial microtubule alignment as observed in the region between the meristem and the primordium (Fig.  3D and movie S2) as well as around the simulated primordium, thus reproducing the alignment zone between the meristem and the primordium. Growth of the meristem and stem was simulated by implementing growth at a rate that was depen- www.sciencemag.org dent on the distance to the apex (Fig. 3E and movie S3) (39) . In these simulations, the microtubule orientations were unstable at the apex while the orientations on the stem stabilized in a mainly orthoradial pattern, as was observed. Finally, we tested whether the model could also predict the effects of oryzalin treatment, simulated by removing the anisotropic contribution to wall mechanics. Both a loss of the crease in the experimental template and ballooning of cells in a pin-shaped growth simulation were qualitatively predicted ( fig. S3, B and C) .
Cell ablation results in characteristic microtubule reorientations. The results so far suggest a scenario where the alignment of microtubules to maximal stress directions modifies the orientation of newly deposited cellulose microfibrils, thereby regulating morphogenesis. We next tested this scenario experimentally.
We began with a laser ablation approach. We reasoned that by killing cells and thereby locally eliminating turgor pressure and weakening cell walls, we could induce characteristic changes in stress and strain patterns. To obtain theoretical predictions for the resultant stress patterns due to laser ablation, we used the finite-element method (FEM) to model the L1 layer of meristem cells (38) . The ablation is simulated as a loss of turgor as well as diminution of elastic properties of the walls of the ablated cells ( fig. S5C) (38) .
The simulation predicts rearrangement of principal stress directions during ablation. Before the removal of the cell, the principal stress patterns depend more on the geometry of each individual cell than on the relationship between cells (Fig.  4A, left) . Assuming that the top wall is intact at t = 0 hours and gradually weakens afterward, our modeling predicted the maximal stress direction (hence the microtubule orientations) initially to be radial and then to become circumferential with respect to the wound (Fig. 4A) .
We used a laser to target cells within the central zone of the meristem, where observed cortical microtubule alignments and growth patterns suggest that cell walls are largely mechanically isotropic. Time-lapse analysis of cells surrounding an ablation site showed a slight initial expansion of surrounding cells into the wound during the first 1.5 hours after laser treatment, consistent with a sudden imbalance in stresses due to loss of turgor in the dead cell or cells (Fig. 4B and movie  S4 ). During this time, no significant microtubule reorientation was detected. However, starting at 1.5 hours and continuing to about 5.5 hours after ablation, we subsequently observed microtubule orientations to align circumferentially ( Fig. 4B and movie S4). These results match the predictions of our model and are also consistent with previous reports of circumferential microtubule rearrangements in response to wounding (40, 41) . The absence of an initial radial alignment suggests that the initial stresses associated with radial expansion are too transient to trigger a response.
Although these results support our hypothesis, several alternative hypotheses could not be excluded at this stage. For instance, it is possible that the microtubules may be reorienting perpendicular to the observed initial cell deformations, contrary to our stress alignment proposal. However, because the realignment occurs hours after the initial radial deformation is initiated, this possibility seems less likely. Another hypothesis is that the microtubules may not be responding to mechanical stress but rather to unrelated biochemical wound signals. To test this last scenario, we first proceeded with ablations in the boundary domain. We reasoned that local diffusion of a biochemical signal in this domain and in the central zone should be roughly similar, whereas in the boundary the stress field generated by the ablation should be in competition with the strong tangential stress at the crease ( fig. S7, A and B) . In contrast to central zone ablations, ablations in boundary regions resulted in a lack of microtubule reorientation in neighboring cells, or a delay of reorientation lasting 7.5 hours or more in some cases. In most cases (five of six experiments), we could find at least one cell with no circumferential microtubule orientation 7.5 hours after ablation, and in two cases, no reorientations (fig. S7C) . The variability of the results could reflect the different stages of boundary development or the exact position of the ablated cells. We also tried a different set of experiments in which two cells or patches of cells, in close proximity but separated, were ablated. We reasoned that diffusion of any type of biochemical signal emanating from the ablated regions would result in a relatively flat diffusion gradient in the regions between them, and therefore that the microtubule arrays in these regions should not be well defined (fig. S8, A and B) . In both cases, with ablations separated by multiple cells or single cells, we found that the resulting microtubule orientations for regions between the ablation sites were well defined and clearly circumferential in nature ( fig. S8C ; four of four experiments). This pattern matches our theoretical predictions for stress patterns surrounding two ablation sites but did not match our prediction for response to a diffusion gradient. Although stress is the simplest explanation, more complex, nonmechanical cell-cell communication models are still possible.
Application of constraints shows a cellautonomous microtubule response to stress. To more directly ascertain the relationship between microtubule orientations and mechanical signals, we pursued a second approach involving the direct application of force to the meristem. We designed growth chambers in which meristems could be constrained between one fixed teflon blade and one teflon blade attached to a spring (Fig. 4, C and D) . Using this device, we were able to change meristem shape (Fig. 4E and figs. S9A and S10). After the release of the constraint, the meristem reverted to its original shape, showing its elastic properties, and later initiated organs ( fig. S9A ). We predicted a weakly anisotropic stress larger in the direction parallel to the blades ( fig. S10 ). Consistent with these calculations, only weak anisotropic changes in the shape of individual cells were visible at the meristem summit of the constrained meristems ( Fig. 4F  and movie S5) .
We next analyzed the behavior of the cortical microtubules in each cell before and after the constraint. This revealed that the number of cells with unstable microtubules decreased relative to observations of nonconstrained meristems (Fig.  4G , green histograms, and figs. S9B and S10). Second, an analysis of microtubule orientation in 489 individual cells from 13 compressed meristems showed that most cells reoriented their microtubules toward the axis parallel to the blades, either by stabilizing an orientation parallel to the blades after compression or by rotating their microtubules parallel to the blades (Fig. 4F, figs . S10 and S11, and movies S5 and S6). These data are consistent with our proposal that microtubules align parallel to maximal stress directions. Although the response was statistically significant under the conditions tested here, it was also a noisy response because even neighboring cells can have micro- Fig. 3 . Physical calculations and modeling of stress patterns in the meristem. (A) The meristem modeled as a pressure vessel. Each point has a coordinate in the orthoradial (r) and meridional (s) direction and is characterized by a curvature tensor (C ss , C rr , C rs ) and a stress tensor (s ss , s rr , s rs ), where R is the radius of the cylindrical stem and of the apical dome, and P is pressure. (B) The direction of microtubules is in agreement with the highest-stress orientations. The mechanical equilibrium of the outer layer imposes ∂ s s ss + ∂ r s rs = 0, ∂ s s rs + ∂ r s rr = 0, and C ss s ss + C rr s rr + 2C rs s rs = P, where ∂ s is the partial derivative with respect to s. In the following, we consider only special points (of local symmetry) for which (r,s) are principal directions and C rs = 0, s rs = 0. If the apical dome is represented as a spherical dome of radius R, we obtain s ss = s rr = PR/2, meaning that the stress is isotropic (44) . This is correlated with the absence of preferential direction for microtubules in the apical dome. s N = PR/2 serves as a reference for stress and d = |s ss -s rr |/s N as a measure of the anisotropy of stress. We represent the flanks of the meristem as a cylinder of radius R. The stress is greater in the circumferential direction, s rr = PR, than along the meridian, s ss = PR/2 (44), so that d = 1, thus leading to a strongly anisotropic stress on the flanks of the meristem. We consider the center of the crease between a primordium and the apex as having radii of curvature R along the axis of the crease, r, and -r in the perpendicular direction, s. The minus sign denotes the inverted direction of curvature with respect to the rest of the meristem. The corresponding curvatures are C ss = -1/r and C rr = 1/R. The equations of equilibrium can be solved in the limit where r is small relative to R: s ss ≈ -Pr/2 and s rr ≈ PR/2, so that d ≈ 1, thus leading to a strongly anisotropic stress at the crease between a primordium and the apex. (Fig.  4F and movie S5) . We propose that this variability reflects the cell-autonomous nature of the response and that this follows from the likely different mechanical configurations of different plant cells.
Concluding remarks. We have described a link between mechanical forces and development in plants. Recent work has also revealed such a relation in animals. In particular, the phenomenon of wound-induced actin alignment in epithelial sheets closely parallels the alignment of plant microtubules around a wound, with both responses presumably functioning to reduce or heal tissue damage (42) . Unlike animals, however, plant tissues seem to react to oriented forces by conferring anisotropic properties to their extracellular matrix. As a result, plant tissues seem to react to mechanical forces as solids, whereas animal tissues react as fluids. From a physical perspective, this points to a basic difference between the two kingdoms.
On the basis of our results, we propose that two fundamental regulatory circuits control plant morphogenesis at the shoot apex. First, a microtubule-dependent, cell-autonomous mechanism mechanically reinforces cells against maximal tension directions along the meristem surface, most likely via the regulation of load-bearing cellulose fiber deposition and by the addition of new walls generated by oriented mitosis in these directions. This mechanism is required for specific morphogenetic events such as tissue folding and the maintenance of a cylindrical stem. However, in contrast to previous proposals (36, 43) , this stressdependent control of morphogenesis at the meristem can be uncoupled from the control of differential expansion rates, because the rapid outgrowth of organs at particular locations continues despite microtubule depolymerization. This second process involves the creation of differential auxin concentrations through polar transport and possibly synthesis (17) (18) (19) (20) (21) . We therefore propose that auxin-dependent patterning operates at least partially independently of, and in parallel to, the microtubule-controlled anisotropy. Our experimental results and models show that these two mechanisms are sufficient to explain all observed complex shape changes at the meristem. ith the blades (red) is increasing; t0 corresponds to 0 hours after compression. This tendency to alignment matches the predicted weak anisotropy of stress (see fig. S10 ).
